ABSTRACT The behavioral response of the sawtoothed grain beetle, Oryzaephilus surinamensis (L.), to moisture gradients has been studied in some detail, but the effect of carbon dioxide (CO 2 ), alone and in combination with low humidity, has never been reported. The effect of CO 2 is of some interest because CO 2 levels in stored grain are often elevated well above normal atmospheric levels by the metabolism of insects, fungi, and the grain itself. Also, CO 2 is sometimes applied to bulk grain to control stored-product insects. The response of adult male O. surinamensis to humidity alternatives of 60 or 100% RH was determined in 2-way choice chambers after various treatments. Beetles removed from laboratory cultures and held at 60% RH with food for 4 h showed a strong avoidance of the higher humidity (hygronegative response). Beetles held without food in a dry atmosphere (Ͻ5% RH) with an elevated level of CO 2 (39%) for 4 h showed a reversal of the response from hygronegative to hygropositive. The same period of exposure, again without food, to dry air (Ͻ5% RH), or to a moist atmosphere (80% RH) with an elevated level of CO 2 did not produce a reversal. The failure of CO 2 to produce a reversal when exposure occurred in a moist atmosphere suggests that the gas acts indirectly on the humidity response by increasing the rate of moisture loss. Elevated levels of CO 2 are known to cause prolonged opening of the spiracular regulatory apparatus that controls moisture loss in insects.
THE SPATIAL DISTRIBUTION of storage pests is of special signiÞcance in detection, monitoring, and control (precision targeting of treatments). It is also an important element in pest biology and ecology. Spatial distribution is not static, but changes over time in response to many dynamic factors and processes, for example, differential population growth, dispersal and migration, interactions among species, interactions with a changing physical environment (temperature, humidity), movement of commodities, and control intervention. Understanding the role of behavioral responses (oriented movements) to physical gradients in the environment is basic to understanding spatial distribution, pest population dynamics, and the process of infestation. It is also useful in seeking improved methods of attraction for purposes of monitoring.
Atmospheric humidity and the moisture content of commodities is of critical importance to the survival, development, and reproduction of stored-product insects, and they have evolved a suite of morphological, physiological, and behavioral mechanisms for maintaining water balance and avoiding deleterious dampness. One of these mechanisms is a behavioral response to moisture gradients, which has been demonstrated in a number of stored-product insects (Pielou and Gunn 1940; Bentley 1944; Willis and Roth 1950; Dodds and Ewer 1952; Smereka and Hodson 1959; Yinon and Shulov 1967; Carthon 1971, 1972a; Perttunen 1972; Arbogast 1974; Weston and Hoffman 1991) . The humidity response is complex and varies both with internal and external factors. It is inßuenced, for example, by starvation and desiccation (Roth and Willis 1951 , Dodds and Ewer 1952 , Arbogast and Carthon 1972b , Weston and Hoffman 1992 , and is modiÞed by interactions with responses to other physical factors, such as light and tactile stimulation (Perttunen and Lahermaa 1963 , Arbogast and Carthon 1973 , Weston and Hoffman 1991 .
The humidity response of the sawtoothed grain beetle, Oryzaephilus surinamensis (L.), has been studied in some detail, as indicated by the references already cited. This beetle is a cosmopolitan storage pest frequently encountered in stored grain, warehouses, and retail stores. Levels of carbon dioxide (CO 2 ) in the intergranular spaces of stored grain may be elevated well above normal atmospheric levels, even in bins that are not air tight, by the metabolic activity of fungi, insects, and the grain itself (Oxley and Howe 1944 , Calderon and Shaaya 1961 , Sinha et al. 1986 ). Carbon dioxide may be elevated to still higher levels by direct application of the gas for insect control (Navarro and Donahaye 1993) . Thus, O. surinamensis infesting stored bulk grain may be exposed to abnormally high concentrations of CO 2. Low humidity and elevated levels of CO 2 interact to produce a higher mortality of O. surinamensis and other storage pests than either factor alone . The current paper examines the individual and combined effects of CO 2 and low humidity on the humidity response of adult male O. surinamensis.
Materials and Methods
Insects. The insects were reared at 27 Ϯ 1ЊC and 60 Ϯ 5% RH under a light:dark cycle of 12:12. The diet consisted of rolled oats (90%) and brewerÕs yeast (10%). Each culture was contained in a 0.95-liter mason jar capped with Þlter paper. Adult males were selected for experimentation from cultures that had been set up 35Ð 40 d previously with eggs, and the adults were thus 0 Ð3 wk old. Males were used because of their stronger humidity response (Arbogast and Carthon 1972a) , although both sexes show a hygronegative response to alternatives of 60 or 100% RH when their moisture balance is normal and a hygropositive response when they are desiccated (Arbogast and Carthon 1972b). Sexing was accomplished by examining the hind legs of the beetles while they were immobilized by chilling. In males, the trochanter, femur, and tibia of the hind legs each bear a spine that is absent in females. The tibial spine is quite small, although the others are usually large and conspicuous.
Humidity Response. The humidity response was determined in alternative chambers (2-way choice chambers) as described by Arbogast and Carthon (1971) (Fig. 1) . Each of these consisted of three parts made of clear acrylic plastic. The lower part was a cylindrical vessel, 20 mm deep ϫ 75 mm ID, that was divided by a median wall into two compartments. Above the vessel was an arena consisting of a cylinder, 6 mm high ϫ 75 mm ID, with a ßoor of Þne-mesh nylon screen (mesh opening of 64 ; Nitex, Sefar America, Depew, NY). The arena was covered with a lid that had a 5-mm-diameter hole in its center for inserting the insects, and the wall of the arena was coated with Teßon (DuPont, Wilmington, DE) to prevent the beetles from leaving the ßoor. Humidity-controlling substances were placed in the compartments of the vessel to provide contrasting humidities on the two sides of the arena. One side contained distilled water to provide an RH of 100% and the other contained a sodium hydroxide solution with the concentration adjusted to provide an RH of 60% (Madge 1961) . In use, the three parts of the chamber were sealed together with cellophane tape; the hole in the lid was also sealed with cellophane tape except for the brief period required for introducing the insects.
The chambers were placed in a constant temperature room at 30 Ϯ 1ЊC and allowed to stand for at least 2 h before the insects were introduced. Gunn and Cosway (1938) reported that in an alternative chamber 22 cm in diameter with 3Ð 4 cm between the ßoor of the arena and the lid, a stable diffusion gradient between 20 and 90% RH was produced 20 Ð30 min after the chamber was closed. Stabilization time, although it could not be measured, was presumably less in our much smaller chambers. The positions of the chambers on the laboratory bench were randomized with respect to prior treatment.
Ten insects were dropped through the small hole in the lid of each chamber onto the center of the arena with the aid of a small glass funnel. The number of beetles on the "wet" (100% RH) and "dry" (60% RH) sides were recorded at 10-min intervals for 2 h. Those individuals that were on the line separating the wet and dry halves of the chamber were not counted. Any aggregations that formed were broken up after each observation by directing the beam of a microscope lamp onto them. A black box covering each chamber kept the beetles in darkness except during the brief periods when observations were being made. To minimize any bias that may have resulted from incline in the laboratory bench, the chambers were rotated 180Њ after the Þrst 60 min of observation.
The humidity response was expressed as a reaction index, 100 (w Ð d)/n, where w is the number of 
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ARBOGAST: HUMIDITY RESPONSE OF Oryzaephilus surinamensisposition records on the wet side of the arena, d is the number on the dry side, and n is the total number, including records on the dividing line. The index is thus the excess percentage of records on the wet side, which is positive for a hygropositive response, negative for a hygronegative response, and zero for no response. Mean indices (Ϯ SE) calculated for individual observations were plotted against time to show variation in the response from observation to observation. Overall indices based on a total of 120 position records (10 insects ϫ 12 observations) in each replicate were analyzed by two-way analysis of variance (ANOVA) and multiple pairwise comparison of means (Tukey test) using SigmaStat 2.03 (SPSS Science, Chicago, IL). Experiment 1. The purpose of this experiment was to determine whether a high level of CO 2 would accelerate moisture loss and thus reversal of the humidity response from hygronegative to hygropositive when the beetles were exposed to low humidity. For each replicate, three groups of 20 males were selected from a culture. Two groups were conÞned in cylindrical screen cages (40-ϫ 36-mesh Monel metal wire, 8.8 cm long ϫ 2.7 cm in diameter) without food. One of these groups was exposed at 27ЊC for 4 h to a commercially prepared ternary gas mixture comprised of Ϸ39% CO 2 , 13% oxygen, and 48% nitrogen. The gas was released from a pressurized cylinder and passed at a ßow rate of Ϸ30 ml/min through silica gel in a gas washing bottle, which reduced the RH to Ͻ5%, and then through the exposure chamber (treatment: CO 2, Ͻ5% RH). The ßow rate was selected because it was high enough to maintain the desired gas concentrations in the exposure chamber and still low enough to allow the desired moisture conditioning of the gas as it passed through the gas washing bottle. The second group was exposed for 4 h to air released from a pressurized cylinder and passed through silica gel into the exposure chamber. The ßow rate and RH obtained were the same as in the previous treatment (treatment: Air, Ͻ5% RH). The third group was conÞned in a cylindrical screen cage with rolled oats as food and held at 30ЊC for 4 h in a desiccator over a solution of sodium hydroxide that provided an RH of 60% (Control). After exposure, 10 insects were selected from each group and placed in an alternative chamber for determination of the humidity response. Twenty insects were exposed to assure that there would be 10 survivors to test, and if Ͼ10 insects survived, the excess were discarded. Each experiment was replicated Þve times, and each replicate was run on a different day with insects from a different culture.
Experiment 2. The purpose of this experiment was to determine whether exposure to a high level of CO 2 at a high humidity (80% RH) would produce a reversal of the humidity response from hygronegative to hygropositive. The procedure was the same as in experiment 1, except that both of the groups without food were exposed to a ternary gas mixture comprised of Ϸ39% CO 2 , 13% oxygen, and 48% nitrogen. The gas was passed Þrst through silica gel and then through the exposure chamber (treatment: CO 2, Ͻ5% RH), or Þrst through a saturated solution of sodium chloride, which brought the RH to Ϸ80%, and then through the exposure chamber (treatment: CO 2 , 80% RH).
Results
Experiment 1. Adult male O. surinamensis that were held at 60% RH in still air with food (Control) showed a strong hygronegative response to humidity alternatives of 60 or 100% RH (Fig. 2) . The mean reaction index varied from Ϫ66 to Ϫ88 over the 2-h observation period. Exposure for 4 h to a dry atmosphere high in CO 2 (Treatment: CO 2 ,Ͻ5% RH) reversed the humidity response to hygropositive; the mean reaction index varied from ϩ34 to ϩ86. Exposure to dry air for 4 h (treatment: Air, Ͻ5% RH) failed to reverse the hy- Fig. 2 . Effect of a 4-h exposure to low humidity (Ͻ5% RH), in air or in an atmosphere high in carbon dioxide (39%), on the behavioral response of adult male O. surinamensis to humidity alternatives of 60 or 100% RH. Controls were held for 4 h in air at 60% RH. Error bars indicate standard error. gronegative response; the mean reaction index varied from Ϫ36 to Ϫ64.
Two-way ANOVA showed signiÞcant differences among treatments in the mean value of the humidity reaction index based on the total (120) position records in each treatment (P Ͻ 0.01). The differences in mean values among experiments run on different days with insects from different cultures were not signiÞcant (P ϭ 0.52). The mean reaction indices (ϮSE) were Ϫ80.4 (Ϯ5.1) (Control), ϩ58.6 (Ϯ11.2) (CO 2 , Ͻ5% RH), and Ϫ52.8 (Ϯ8.7) (Air, Ͻ5% RH). Pairwise multiple comparison of treatment means (Tukey test) (Table 1) showed that exposure of adult male O. surinamensis to a dry atmosphere with an elevated level of CO 2 produced a reversal from a hygronegative to a hygropositive response, and that this reversal occurred in a very short time (4 h). The same period of exposure to dry air did not produce a reversal. Although the graph of the response versus time (Fig. 2) suggested a weakening of the hygronegative response, the mean overall reaction index did not differ signiÞcantly from that of the control. Experiment 2. As in experiment 1, adult male O. surinamensis that were held at 60% RH in still air with food (Control) showed a strong hygronegative response to humidity alternatives of 60 or 100% RH (Fig.  3) . The mean reaction index varied from Ϫ52 to Ϫ86 over the 2-h observation period. Again, exposure for 4 h to a dry atmosphere high in CO 2 (treatment: CO 2 , Ͻ5% RH) reversed the humidity response to hygropositive; the mean reaction index varied from ϩ18 to ϩ72. Exposure for 4 h to a moist atmosphere high in CO 2 (treatment: CO 2 , 80% RH) failed to reverse the hygronegative response; the mean reaction index varied from Ϫ30 to Ϫ76.
Again, two-way ANOVA showed signiÞcant differences among treatments in the mean value of the humidity reaction index based on the total (120) position records in each treatment (P Ͻ 0.01). The differences in mean values among experiments run on different days with insects from different cultures were not signiÞcant (P ϭ 0.63). The mean reaction indices (ϮSE) were Ϫ73.6 (Ϯ6.2) (Control), ϩ46.8 (Ϯ16.3) (CO 2 , Ͻ5% RH), and Ϫ53.6 (Ϯ5.7) (CO 2 , 80% RH). Pairwise multiple comparison of treatment means (Tukey test) ( Table 1 ) again showed that exposure of adult male O. surinamensis to a dry atmosphere with an elevated level of CO 2 produced a rapid reversal from a hygronegative to a hygropositive response. The same period of exposure to a moist atmosphere (80% RH) with an elevated level of CO 2 did not produce a reversal. Although the graph of the response versus time (Fig. 3) suggested a weakening of the hygronegative response, the mean overall reaction index did not differ signiÞcantly from that of the control.
Discussion
Adult male O. surinamensis show a slight hygronegative response to alternatives of 0 and 40% RH and Fig. 3 . Effect of a 4-h exposure to an atmosphere high in carbon dioxide (39%), with an RH of Ͻ5 or 80% RH, on the behavioral response of adult male O. surinamensis to humidity alternatives of 60 or 100% RH. Controls were held for 4 h in air at 60% RH. Error bars indicate standard error. females are indifferent to the same alternatives (Arbogast and Carthon 1972a) . These responses are probably of little signiÞcance under natural conditions, because such low humidity would be extremely rare or nonexistent. If these responses are ignored, the beetles show a pronounced avoidance of high humidity and a lesser avoidance of low humidity. When the beetles are deprived of food and held under very dry conditions (Ͻ5% RH), they lose both water and dry matter, and their hygronegative response to humidity alternatives of 60 or 100% RH gradually weakens and reverses to hygropositive (Arbogast and Carthon 1972b) . The response becomes indifferent after Ϸ24 h and then becomes increasingly hygropositive up to at least 72 h.
The current study showed that high levels of CO 2 greatly accelerate this process. The gas probably acts indirectly on the humidity response by increasing the rate of moisture loss, as indicated by its failure to cause a reversal when exposure occurred in a moist atmosphere. A major route of water loss in insects is by transpiration through the respiratory membranes at the ends of the tracheae (Edney 1967) . However, water loss by this route is minimized in most insects by means of a spiracular regulatory apparatus (Hassan 1943) , which is situated at the primary or secondary tracheal oriÞce and controls the size of the spiracular opening. Insects normally keep the spiracles closed, opening them just enough to satisfy their oxygen requirements (Hazelhoff 1927 , Wigglesworth 1935 , but the frequency of opening and closing is inßuenced by a number of factors, including the concentration of CO 2 in the environment.
Carbon dioxide gas constitutes 0.033 Ϯ 0.001% of the atmosphere by volume (Byers 1959) . Sinha et al. (1986) measured CO 2 levels above atmospheric ambient in 34 of 39 bins containing wheat, rapeseed, barley, or corn, with maximum readings ranging from 0.05 to 5.70%. Oxley and Howe (1944) measured a concentration of 11.5% in heavily infested wheat that was undergoing spontaneous heating; Calderon and Shaaya (1961) found concentrations as high as 15.0%. Although these levels are lower than the level used in our experiments, at least some are high enough to affect the spiracular regulatory mechanism of insects and accelerate water loss. Mellanby (1934) , for example, found that a 2% concentration of CO 2 is sufÞcient to produce sustained opening of the spiracles in adult Xenopsylla cheopis (Rothschild) and in larval Tenebrio molitor (L.) and Tineola bisselliella (Hummel). Thus, relatively low levels of CO 2 may inßuence the direction of humidity responses. The levels used for control of storage pests are much higher. Jay (1971) , for example, recommended concentrations of 60, 45, or 35% maintained for 4, 5Ð 6, or 7 d, respectively.
The adaptive signiÞcance of the humidity response lies in maintaining water balance and in avoiding the potentially lethal effects of prolonged exposure to extreme dampness, the most obvious of which is entrapment and drowning in condensation. Oryzaephilus surinamensis failed to complete development on rolled oats at 30ЊC and 96% RH (Arbogast 1976) , and adult males held with rolled oats for 2 wk at 30ЊC and 95% RH all died (Arbogast and Carthon 1972a) . Extremely high relative humidity may not be lethal in itself but may act as a token stimulus that allows beetles to avoid damp situations in which adverse elements, such as mold and microorganisms, occur. However, because dehydration produces a reversal of the response, high humidity may serve directly as a stimulus that leads beetles suffering from dehydration to situations in which proper water balance can be restored by drinking free water or consuming food with a high moisture content. The hygropositive response of dehydrated beetles is restored when they are provided with water (Arbogast and Carthon 1972b) and beetles that have been starved for 24 h, especially those starved at a humidity below 100%, are strongly attracted to water (Stubbs and GrifÞn 1983) .
